chloremic metabolic acidosis with hypercalciuria. The short-term responses to hydrochlorothiazide, an inhibitor of ion transport in the distal convoluted tubule (DCT), were also exaggerated, indicating excessive renal Na + absorption in this segment. Furthermore, chronic treatment with hydrochlorothiazide normalized urinary excretion of Na + and Ca
2+
, and abolished acidosis in Kir5.1 −/− mice. Finally, in contrast to WT mice, electrophysiological recording of K + channels in the DCT basolateral membrane of Kir5.1 −/− mice revealed that, even though Kir5.1 is absent, there is an increased K + conductance caused by the decreased pH sensitivity of the remaining homomeric Kir4.1 channels. In conclusion, disruption of Kcnj16 induces a severe renal phenotype that, apart from hypokalemia, is the opposite of the phenotype seen in SeSAME/EAST syndrome. These results highlight the important role that Kir5.1 plays as a pH-sensitive regulator of salt transport in the DCT, and the implication of these results for the correct genetic diagnosis of renal tubulopathies is discussed.
kidney | homeostasis | acid-base balance K + channels play critical roles in renal tubular transport functions directly by providing a secretory pathway for K + or indirectly by controlling membrane voltage and K + recycling across the plasma membrane (1) . Recent genetic and functional studies have shown that loss of renal K + channel activity not only has an impact on K + balance, but also affects other ion transport systems and the regulation of the acid-base balance. For instance, it has been clearly established that inherited mutations of the human KCNJ1 gene underlie type II Bartter syndrome, a severe disorder involving renal salt wasting and hypokalemic metabolic alkalosis (2) . Likewise, inactivation of the Kcnk5 gene encoding the acid-and volume-sensitive TASK2 K + channel induces renal HCO 3 − loss and metabolic acidosis in mice (3) . The cortical thick ascending limb (4, 5), distal convoluted tubule (DCT) (6, 7), and cortical collecting duct (CCD) principal cells (8, 9) are endowed with K + channels displaying properties identical to inwardly rectifying heteromeric Kir4.1/Kir5.1 K + channels (10). Recent studies have reported that rare homozygous missense mutations of the human KCNJ10 gene, which encodes the Kir4.1 subunit, underlie SeSAME/EAST syndrome, a rare disorder in which patients experience neurological and renal symptoms (11, 12) . In the kidney, it is thought that these loss-of-function mutations in Kir4.1 impair the function of heteromeric Kir4.1/Kir5.1 channels (13, 14) , thereby dramatically impairing salt reuptake from the DCT, and increasing downstream K + and H + secretion. This results in a Gitelman-like syndrome, characterized by salt wasting, hypocalciuria, hypomagnesaemia, and hypokalemic metabolic alkalosis (11, 12, 15) .
The basolateral location of Kir4.1/Kir5.1 channels obviously suggests a role for these channels in maintenance of the basolateral membrane potential, and in the "recycling" across the basolateral membrane of any K + that enters the cell via the basolateral Na + /K + ATPase. The recycling of K + is a crucial step for sustained transepithelial Na + reabsorption. However, in the DCT of patients with seizures, sensorineural deafness, ataxia, mental retardation, and electrolyte imbalance (SeSAME)/epilepsy, ataxia, sensorineural deafness, and renal tubulopathy (EAST) syndrome, this K + recycling seems to be altered. The expression of Kir5.1 alone does not produce detectable K + currents in most recombinant expression systems (16) . Instead, this "silent" subunit appears to heteromultimerize with Kir4.1 to produce novel Kir4.1/Kir5.1 channels (17) (18) (19) that have an extreme sensitivity to intracellular pH (pH i ) within the physiological range (i.e., pK a of 7.4) (18, 20, 21) . By contrast, homomeric Kir4.1 channels are only mildly sensitive to pH i (pK a , 6.0). This therefore raises the important question of how Kir5.1 contributes to renal ion transport and the role of these highly pHsensitive Kir4.1/Kir5.1 channels in this process.
The present study addresses this issue by using a recently created strain of mice in which the Kir5.1(Kcnj16) gene has been deleted (22) . We show that deletion of this subunit results in a pH i -insensitive, highly active K + conductance in the DCT basolateral membrane, and a severe renal phenotype characterized by hypokalemic metabolic acidosis with hypercalciuria. Thus, instead of producing an effect similar to SeSAME/EAST syndrome mutations in Kir4.1, inactivation of Kir5.1 reduces the pH i sensitivity of the DCT basolateral K + conductance and produces a mirror-image phenotype to SeSAME/EAST syndrome by increasing the mean basolateral K + conductance in the distal nephron.
Results
Clinical Parameters of Kir5.1 −/− Mice. There was no obvious difference in the survival or gross physical appearance between Kir5.1 +/+ and Kir5.1 −/− mice maintained on a control diet, except for an approximately 15% lower body weight of the Kir5.1 −/− mice (P < 0.0001; Table 1 ). Kir5.1 −/− mice were slightly polydipsic, and exhibited polyuria and correspondingly lower urine osmolality. However, both groups of mice adapted normally to 24 h water restriction (Fig. 1) , indicating that the urineconcentrating ability of Kir5.1 −/− mice is not impaired. Furthermore, the hematocrit level of Kir5.1 −/− mice was not increased (45.7 ± 1.42% vs. 45.5 ± 1.13% for Kir5.1 +/+ and Kir5.1 −/− mice, respectively; P = 0.4), indicating the absence of dehydration.
Kir5.1
−/− Mice Display Metabolic Acidosis and Hypokalemia. Blood and plasma analyses revealed that Kir5.1 −/− mice had metabolic hyperchloremic acidosis (Table 1) . However, despite this acidosis, urinary NH 4 + excretion was not increased (81 ± 3.5 mmol/mmol creatinine in 10 Kir5.1 −/− mice vs. 99 ± 5.2 mmol/mmol creatinine in 11 Kir5.1 +/+ mice). Also, glomerular filtration rates were similar in Kir5.1 +/+ mice (308 ± 43 μL/min; n = 11) and Kir5.1 −/− mice (272 ± 35 μL/min; n = 7; P = 0.54), indicating the absence of chronic renal failure. Our data therefore clearly show that Kir5.1 −/− mice have renal tubular acidosis. However, this may also be associated with a respiratory component because the Kir5.1 −/− mice do not display the expected compensatory decrease in blood P CO2 (Table  1) , an effect that would be consistent with the respiratory phenotype recently reported in these mice (22) .
In addition to renal acidosis, the Kir5.1 −/− mice also exhibited hypokalemia, associated with increased renal K + excretion, as well as hypercalciuria and hypermagnesuria (Table 1) . However, Kir5.1 −/− mice were able to balance Na + normally, and had normal blood pressure and 24-h urinary aldosterone excretion rates (Table 1) .
No Alteration in the Responses to Furosemide and Amiloride in Kir5.1 −/− Mice. Expression of Kir5.1 is also seen in the TAL and DCT cells, as well as in CCD principal cells, where it coassembles with Kir4.1 to form Kir4.1/Kir5.1 channels in the basolateral membrane (5, 6, 9). We therefore investigated the effects of Kcnj16 disruption on NaCl transport in vivo by monitoring the response to diuretics in these nephron segments. TAL function was challenged with the loop diuretic furosemide, an inhibitor of the apical Na Fig. 2A shows that Kir5.1 +/+ (n = 12) and Kir5.1 −/− mice (n = 12) responded with similar increases in the urinary excretion of Na + and Ca 2+ 6 h Values are mean ± SEM for the numbers of animals given in brackets, except for fractional excretions in Kir5.1 −/− mice, where n = 7, for plasma K + concentration of Kir5.1 +/+ and Kir5.1 −/− mice, where n = 9 and n = 6, respectively, and for diastolic blood pressure of Kir5.1 +/+ mice, where n = 12. *P < 0.0001, † P < 0.005, ‡ P < 0.05, and § P < 0.01. after start of the treatment. Administration of the diuretic also similarly increased urine volume and urinary K + and Mg 2+ excretion (Table S1 ). Thus, NaCl absorption in the TAL is clearly not affected in Kir5.1 −/− mice. We next investigated the effects of the K + -sparing diuretic amiloride, a blocker of the apical epithelial sodium channel (ENaC), which mediates sodium absorption in the aldosteronesensitive distal nephron (ASDN). As expected, amiloride ( Fig. 2B ) increased urinary Na + while decreasing urinary K + excretion 6 h after its injection. However, the response to amiloride was the same in both groups of mice, indicating that ENaC-mediated Na + absorption is not altered by deletion of Kir5.1.
Increased Response to Hydrochlorothiazide in Kir5.1 −/− Mice. Loss of function mutations in Kir4.1 predominantly affect DCT ion transport (11, 12) . We therefore investigated the effects of hydrochlorothiazide (HCTZ), an inhibitor of the apical NaCl cotransporter in the DCT. Six hours after a single HCTZ injection, similar diuretic responses were observed in Kir5.1 +/+ and Kir5.1 −/− mice, with 3.5-fold increases in urine volume, and parallel increases in the excretion of K + and Mg 2+ (Table S2) . However, as shown in Fig. 3A , HCTZ induced a significantly greater increase in Na + urine excretion in Kir5.1 −/− mice than in Kir5.1 +/+ mice. HCTZ administration also normalized calciuria in Kir5.1 −/− mice. These findings therefore demonstrate that genetic inactivation of Kir5.1 stimulates salt absorption in the DCT.
Interestingly, in type II pseudohypoaldosteronism (PHAII), WNK4 mutant mice also exhibit renal acidosis and hypercalciuria, an effect thought to be caused by excessive NaCl absorption in the DCT. This effect can also be corrected in the presence of thiazide (23, 24) , and patients with PHAII are known to be highly sensitive to thiazide therapy (25, 26) . This therefore prompted us to test the effects of chronic HCTZ treatment on Kir5.1 +/+ and Kir5.1
mice. Interestingly, after treatment with HCTZ for 4 d, we observed a significant increase in blood pH and bicarbonate, showing that HCTZ abolished metabolic acidosis (Table 2) . However, the effects of HCTZ treatment on urinary Ca 2+ excretion were the same in both groups of mice (P = 0.37; Fig. 3B ).
Expression of Transport Proteins. According to our findings, Kir5.1 −/− mice do not display a global sodium imbalance, even though salt transport is increased in their DCT. We therefore determined the relative levels of protein expression for a range of key transport proteins as an indirect measurement of their ion transport capacities in the proximal convoluted tubule, TAL, DCT, and ASDN. However, there was no difference in levels of expression for the NHE3 Na + /H + exchanger, the Na + -K + -2Cl − (NKCC2) and Na + -Cl − (NCC) cotransporters, or the ENaC α-subunit (αENaC) between the two groups of mice (Fig. S1 ), indicating that the alteration of transport we observe probably depends on changes in regulation rather than on differences in the maximal transport capacity per se. and Kir5.1 −/− Mice. In the DCT, the basolateral K + channel has been shown to be a heteromeric Kir4.1/Kir5.1 channel (6). Therefore, the loss-of-function mutations in Kir4.1 associated with SeSAME/EAST syndrome are predicted to reduce the functional activity of this basolateral K + channel (13, 14, 27) . However, the functional properties of heteromeric Kir4.1/Kir5.1 channels (10, 18, 21, 28, 29) predict that genetic inactivation of Kir5.1 subunit will have a different effect on this conductance because the partnering Kir4.1 subunits still remain, and can form functional homomeric channels. Furthermore, although these remaining Kir4.1 channels have a smaller single-channel conductance compared with Kir4.1/Kir5.1 channels, they have an increased activity and a significantly reduced pH i sensitivity, which would be predicted to increase the activity of this conductance at physiological pH i . We therefore next used patch-clamp analysis to investigate the functional properties of the basolateral K + conductance in isolated DCTs of WT and mutant mice.
As previously described (6), and as expected from the reported properties of recombinant Kir4.1 and Kir4.1/ Kir5.1 channels (10,  18, 21, 28, 29) , only one type of basolateral K + channel, with a conductance of 44.2 ± 1.1 pS (n = 15), was observed in DCT cells from Kir5.1 +/+ mice (Fig. 4A) , whereas in Kir5.1 −/− mice, only a 23.3 ± 0.9 pS (n = 17) K + -selective channel was seen, with 145 mM K + in the pipette (Fig. 4A) . At the membrane resting potential, the average number of active channels per patch was similar in the two populations (5.7 ± 0.9 and 6.4 ± 1.2 channels in Kir5.1 +/+ and Kir5.1 −/− mice, respectively; P = 0.86). However, the open probability (P o ) of these channels was much greater in Kir5.1 −/− mice than in Kir5.1 +/+ mice (0.74 ± 0.04 vs. 0.31 ± 0.05; P < 0.001; Fig. 4B ). In this context, the time-averaged unit conductance P o *g was comparable in the two types of mice (Fig. 4B ) despite a much lower single channel conductance in Kir5.1 −/− mice. However, the calculated P o *g value in Kir5.1 +/+ mice might actually be even lower in situ, as the DCT fragments used for patch-clamp experiments are not bathed in CO 2 /bicarbonate buffer, and so have a rather high pH i (7.57 ± 0.018; n = 4). Additional experiments with 15 mM K + in the pipette also yielded a higher P o in Kir5.1 −/− mice (n = 7) than in Kir5.1 +/+ mice (n = 10; 0.70 ± 0.04 vs. 0.35 ± 0.06; P < 0.01). Furthermore, under this condition, P o *g was significantly higher in Kir5.1 −/− mice than in Kir5.1 +/+ mice (Fig. S2) , a result that was caused in part by the fact that a 10-fold reduction in external [K + ] had less influence on single-channel conductance in Kir5.1 −/− mice than in Kir5.1 +/+ mice (Fig. S2) . The remaining channels in Kir5.1 −/− mice were also significantly less pH i -sensitive. As illustrated in Fig. 4C , changes in pH i tested on inside-out patches dramatically affected the P o of the 45 pS K + channel in Kir5.1 +/+ mice (n = 8), but had no effect on the P o for 25 pS K + channel of Kir5.1 −/− mice, which was stable at the near maximum value of 0.8 over the pH i range of 6.8 to 8 (n = 9). These effects of pH i are consistent with previous results on native (6, 30, 31) and cloned (10, 17-20) channels and indicate that the remaining basolateral K + conductance in Kir5.1 −/− mice is probably homomeric Kir4.1. The reduced pH-sensitivity of the remaining current means that, despite deletion of the Kir5.1 channel, the relative basolateral K + conductance in Kir5.1
mice is probably greater than that seen in WT mice.
Discussion
The critical role of the Kir4.1/Kir5.1 K + channel in the distal nephron has recently been highlighted in SeSAME/EAST syndrome, which, together with neurological symptoms, is characterized by a renal tubulopathy consisting of compensated Na + wasting, hypokalemic metabolic alkalosis, and hypocalciuria (11, 12) . This syndrome is caused by mutations in the human KCNJ10 gene encoding the Kir4.1 subunit and results in a loss of function in both homomeric Kir4.1 and heteromeric Kir4.1/Kir5.1 channels (13, 14, 27) . The clinical features of SeSAME/EAST syndrome are reminiscent of Gitelman syndrome, which is caused by mutations in the NCC in the DCT (32). In this study, we show that deletion of the Kcnj16 gene, which encodes the Kir5.1 subunit, also produces a severe renal phenotype in adult mice, characterized by metabolic acidosis, K + wasting, and hypercalciuria. However, in contrast to SeSAME/EAST syndrome, we found that DCT function was stimulated in Kir5.1 −/− mice. Thus, apart from the presence of hypokalemia, the phenotype observed in these mice is the reverse of that seen in neonatal Kcnj10 KO mice (11) , and a mirror image of that seen in SeSAME/EAST syndrome.
Enhanced NCC activity is also the mark of PHAII, which includes metabolic acidosis and hypercalciuria, but is mainly characterized by hypertension, low aldosterone level, and hyperkalemia (23) (24) (25) (26) . HCTZ reverses all the abnormalities in patients with PHAII (26) , suggesting that K + and H + secretion by the distal nephron is down-regulated in this disease. In contrast, chronic treatment of Kir5.1 −/− mice with HCTZ rectified the metabolic acidosis and hypercalciuria, but not the hyperkaluria. In addition, ENaC-mediated Na + absorption in the ASDN seems to be normal. This suggests that the metabolic acidosis and hypokalemia seen in Kir5.1 −/− mice might have another, nondistal, origin. Nijenhuis et al. (33) postulated that a compensatory increase in Na + absorption by the proximal tubule occurs during NCC inhibition, thus increasing passive Ca 2+ absorption in this segment, a hypothesis also put forward by Bockenhauer et al. (11) for patients affected by EAST syndrome. Conversely, it has also been suggested that the metabolic acidosis in PHAII patients may be a result of reduced bicarbonate absorption and ammonia production in the proximal tubule (34). In the present study, the low urinary pH and low NH 4 + excretion rate in Kir5.1 −/− mice would be compatible with a down-regulated proximal tubule absorption.
Recombinant heteromeric Kir4.1/Kir5.1 and homomeric Kir4.1 channels display distinct properties in terms of their single-channel conductance (40-60 vs. 20 pS) (10, 16, 18, 21), P o (∼0.4 vs. ∼0.9 at pH i 7.4) (21) , and, in particular, their sensitivity to pH i . This has enabled their identification in several native tissues, e.g., Kir4.1-like channels have been identified in native retinal Müller cells (31, 35) and retinal pigment epithelium (30), whereas heteromeric Kir4.1/Kir5.1-like channels have been proposed to resemble those found in the basolateral membrane of epithelia in the distal nephron (5, 6, 9). Therefore, our results provide further direct confirmation that the basolateral K + conductance in the DCT is indeed produced by heteromeric Kir4.1/Kir5.1 channels.
Taken together, recent reports on SeSAME/EAST syndrome (11, 12) and the findings we report here show that DCT salt absorption can be dramatically altered by changes in Kir4.1/Kir5.1 K + channel activity. Although the mechanisms involved remain elusive, a possible explanation may be found within the framework of the long-lived "pump and K + conductance coupling" hypothesis (36-38). Transepithelial salt transport occurs according to a generally accepted model (Fig. 5A ) in which the Na + /K + -ATPase maintains a favorable electrochemical gradient for Na + influx at the apical membrane and provides an exit pathway for Na + at the basolateral membrane. However, the continued functioning of Na + /K + -ATPase requires that K + entering the cell via the Na + /K + -ATPase be recycled across the basolateral membrane via K + channels. Accordingly, a decrease in basolateral K + conductance would be expected to reduce transepithelial salt absorption, as observed in SeSAME/EAST syndrome, whereas an increase would up-regulate it (Fig. 5B) , as we observe here with our Kir5.1 −/− mice. In this regard, the fact that the phenotypic effects of disrupting the Kcnj10 or Kcnj16 genes are mainly observed in the DCT and not the TAL and CCD is consistent with our previous observations, which showed that Kir4.1/Kir5.1 is the only K + channel species present in DCT basolateral membrane (39), whereas the TAL and CCD principal cells are endowed with additional basolateral K + channels (9, 39). Interestingly, the pH i sensitivity of the DCT basolateral K + conductance appears to be a key regulatory factor. Although homomeric Kir4.1 channels exhibit a mild sensitivity to inhibition by pH i (pK a , 6.0-6.4), heteromultimerization with Kir5.1 dramatically increases this pH i sensitivity and shifts it into the physiological range (pK a , 7.1-7.4) (10, [19] [20] [21] 29) . The significant increase in pH sensitivity conferred by Kir5.1 means that, for homomeric Kir4.1 channels, their maximum activity is reached at a pH i of approximately 6.5 (18, 19) , whereas for heteromeric Kir4.1/Kir5.1, it is reached at pH i values greater than 7.4. Several SeSAME/EAST mutations in Kir4.1 also shift the pH i sensitivity of heteromeric Kir4.1/Kir5.1 channels toward an even more alkaline pH, and so the overall effect of these mutations is to reduce channel activity at physiological pH i values. This is in marked contrast to the effect seen by deletion of the Kir5.1 subunit in these mice because the remaining homomeric Kir4.1 channels in the basolateral membrane possess a reduced pH sensitivity and so display a greater functional activity than that seen in WT Kir5.1 +/+ mice. Small variations in pH i therefore have the potential to produce major changes in basolateral K + conductance and so we may anticipate that under physiological conditions, changes in pH i might provide a regulatory link between NaCl uptake in the DCT and the acid/base status by reflecting the extracellular pH, as suggested by early studies (18) .
Finally, although we observe a mirror-like phenotype to SeS-AME/EAST syndrome in these Kir5.1 −/− mice, this effect is a result of the complete absence of Kir5.1. In cases in which a stable but dysfunctional Kir5.1 subunit protein is produced, the phenotypic effects are likely to be very different because this subunit would have the potential to act as a dominant-negative subunit downregulating the overall functional activity of the basolateral K + conductance and producing a phenotype more similar to that of SeSAME/EAST. Thus, future studies may reveal a complex range of related tubulopathies caused by mutations in KCNJ10 and KCNJ16 with differences being caused by the relative degree of functional activity of the basolateral K + conductance at physiological pH.
Methods
Mice. Kir5.1 −/− mice were generated as previously described (22) . Mutant and WT mice had free access to tap water, and maintained on standard (0.64% K + ; 0.25% Na + ) rodent chow (SAFE-A04; Usine d'Alimentation Rationnelle) until the studies began. All animals used in this study were handled in full compliance with the French government welfare policy. This work was performed under Permit 75-096 of the Veterinary Department of the French Ministry of Agriculture. ), experiments were performed for a period of 5 to 10 d as appropriate. During days 1 to 5 of the experimental period, the mice were kept under control conditions. For the water-restriction experiments, demineralized water was substituted for mains water for 4 to 5 d before the 24-h water-deprivation period.
Methods for urine and blood analysis, immunoblot analysis, and arterial blood pressure measurements are detailed in SI Methods.
Diuretic Treatments. Furosemide (Sigma-Aldrich) was given for 6 h at a dose of 90 μg/g body weight/d mixed with the powdered chow. The acute effects of HCTZ (Sigma-Aldrich) on urinary parameters of Kir5.1 +/+ and Kir5.1 −/− mice was studied 6 h after a single i.p. injection at a dose of 30 μg/g body weight.
For chronic treatment, HCTZ was mixed with the powdered chow, and given for 4 d at a dose of 130 μg/g body weight/d (40). Amiloride (Sigma-Aldrich) was dissolved in physiological serum and injected s.c. at a single dose of 1.45 μg/g body weight. Its effects on urinary parameters were measured 6 h after injection.
Electrophysiology. Patch-clamp analysis of single K + channels was performed as previously described (6). Briefly, microdissected DCTs were transferred to a physiological saline solution containing (in mM) 140 NaCl, 5 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 glucose, and 10 Hepes, and adjusted to pH 7.4 with NaOH. The patch pipettes were filled with a high-K + solution containing (in mM) 145 KCl, 
